Rationale: Beyond the risks of smoking, there are limited data on factors associated with change in lung function over time.
Lung disease is a major cause of morbidity and mortality, affecting up to 15% of adults in developed nations. Lung health in adults is typically defined by the preservation of lung function after it peaks around age 25. The trajectory of decline following attainment of peak lung function is variable. Although cigarette smoking is a well-studied contributor to loss of lung function (1) (2) (3) , there are limited data on factors associated with maintenance of lung health (4) .
Cardiorespiratory fitness has been shown to be protective against the development of cardiovascular disease (5, 6) , hypertension (7), hyperlipidemia (8) , and type 2 diabetes (9, 10). Previous cross-sectional studies have suggested that regular fitness training is associated with higher pulmonary function, particularly in the context of established lung disease (11, 12) .
Although some studies indicate that greater physical activity in childhood is associated with better lung function over time (13) (14) (15) , there are limited longitudinal data examining the relationship between physical activity or cardiorespiratory fitness and lung function across the lifespan. A higher level of self-reported physical activity in smoking participants of the Copenhagen City Heart Study was associated with attenuation of age-related decline in lung function and lower risk of incident chronic obstructive pulmonary disease over 10-13 years (16) . Self-reported physical activity, however, is inherently subject to misclassification and may result in unreliable estimation of the relationship between cardiorespiratory fitness and health outcomes.
Using longitudinal data from the CARDIA (Coronary Artery Risk Development in Young Adults) study, a U.S.-based cohort study of young adults aged 18-30 years, we examined the relationship between objective measurements of cardiorespiratory fitness and lung health from young adulthood into middle age. We hypothesized that independent of body mass index (BMI), better fitness at baseline is associated with less decline in pulmonary function over time, and that maintaining fitness is associated with preservation of lung health from young adulthood to middle age. Some of the results of this study have been previously reported in the form of an abstract (17) .
Methods Study Design and Sample
CARDIA is a prospective cohort study of the evolution of cardiovascular disease risk factors in young adults (18) . From 1985 to 1986, a total of 5,115 black and white individuals aged 18-30 years were examined in four locations (Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA). Recruitment achieved nearly equal numbers at each site of race, sex, education (more than high school or high school or less), and age (18-24 yr or 25-30 yr). Fifty percent of invited individuals contacted were examined (47% of black persons and 60% of white persons). Reexamination occurred after 2, 5, 7, 10, 15, 20, and 25 years. Cardiorespiratory fitness was measured at Years 0, 7, and 20, although variations in the Year 7 test resulting in poor reliability of the measurement preclude comparisons with the Years 0 and 20 results. Lung spirometry was performed at Years 0, 2, 5, 10, and 20. The study was approved by the institutional review boards of each center. Written informed consent was obtained from all participants.
Measurement of Cardiorespiratory Fitness
Fitness in CARDIA was measured by symptom-limited, graded treadmill exercise testing using a modified Balke protocol (19) . This consisted of nine 2-minute stages of increasing difficulty: stage 1 was 3 miles per hour at a 2% grade (4.1 metabolic equivalent task), with incremental increase in both speed and grade to a maximum of 5.6 mph at 25% grade (19.0 metabolic equivalent task). Both the test duration and maximal metabolic equivalent task attained were recorded.
Measurement of Lung Function
Lung function was measured at Years 0, 2, 5, 10, and 20. Standard spirometry procedures as recommended by the American Thoracic Society were followed at all of the examinations (20) (21) (22) (23) . Considering the young age of some participants at baseline and the possibility that lung function had not yet reached the maximum at Year 0, we estimated an individual's peak lung function as the maximum attained at Year 0, 2, 5, 10, or 20. Four percent of participants had their highest FVC measured at the Year 20 examination. Change in lung function was calculated as estimated peak lung function minus Year 20 lung function.
Statistical Analysis
Participants were excluded if they were missing baseline fitness data, did not attend the Year 20 examination or were missing Year 20 lung function or key covariates (exclusion from analyses related to baseline fitness and future lung health), or missing the Year 20 fitness test (exclusion from analyses related to longitudinal change in fitness and lung health) (see Figure E1 in the online supplement). Because of variation in baseline fitness by sex (women on average have lower maximum level of fitness than men), we generated sex-specific quartiles of maximum treadmill duration for both baseline fitness and change in fitness from Year 0 to Year 20 (calculated as Yr 0 minus Yr 20 treadmill duration).
We also devised categorical fitnesschange groups that reflect an individual participant's fitness relative to their peers over the course of 20 years:
-"Sustained high fitness": participants with levels of fitness that were above ORIGINAL ARTICLE the sex-specific median at both the Year 0 and Year 20 examinations -"Sustained low fitness": participants with levels of fitness that were below the sexspecific median at both the Year 0 and Year 20 examinations -"Increased fitness": participants with levels of fitness that was below the sex-specific median at the Year 0 examination but above the median at the Year 20 examination -"Decreased fitness": participants with levels of fitness that were above the sexspecific median at Year 0 but below the median at Year 20.
Multivariable linear regression was used to determine the relationship between annualized decline in lung function (set to zero when maximal lung function was attained at Yr 20), baseline fitness, and 20-year change in fitness (evaluated as a continuous variable). Covariables in the initial models included race-sex group, center, age, height, peak lung function, and years from attainment of peak lung function to Year 20. In a second model intended to account for the potential confounding effects of obesity and cigarette smoking, BMI (baseline), change in BMI to Year 20, and lifetime pack-years smoked at Year 20 were added. For models addressing 20-year continuous change in fitness, Year 0 treadmill duration was included as a covariable.
Exploratory analyses to determine whether systemic inflammation mediates the associations between fitness and lung health were performed according to the method of Hayes and colleagues (24, 25) . Mediation models were developed via the PROCESS macro in SAS (Cary, NC) (25) . For models testing the association between baseline fitness and lung health, Year 7 C-reactive protein (CRP) or fibrinogen were inserted as mediators. For models testing the association between 20-year change in fitness and lung health, Year 20 CRP or fibrinogen were inserted as mediators. Estimates were made for the indirect effect of the mediator on the relationship between fitness and lung health and bootstrap 95% confidence intervals (CIs) determined through random resampling of 10,000 cases (24) .
Sensitivity analyses restricting the population to only those participants who achieved 85% of their age-predicted maximum heart rate during their fitness test were performed. Because smoking is the greatest known risk factor for lung function decline and may also impact fitness through influences on health in general, analyses stratified by smoking intensity were performed with generalized linear models used to estimate covariate adjusted mean values of annual lung function decline across sex-specific quartiles of 20-year change in fitness.
For the categorical fitness-change groups, generalized linear models were used to estimate mean values for annual decline in lung function adjusted for each of the covariables described previously. Pairwise comparisons were made between these mean values using a Bonferroni-adjusted significance threshold of P equal to 0.008 to account for multiple comparisons.
Results

Participant Characteristics
A total of 3,332 participants were included in the analyses evaluating the association between baseline fitness and lung health and 2,735 participants were included in the analyses of 20-year change in fitness and its association with lung health (see Figure E1 ). Characteristics of participants who did not complete the Year 20 fitness test compared with those who did are documented in Table E1 . Participant characteristics across sex-specific quartiles of baseline (Year 0) cardiorespiratory fitness are shown in Table 1 . In both men and women, African-Americans had lower fitness than white persons. Participants in the lowest fitness quartiles had higher BMI than those in the highest quartiles. Peak FEV 1 and FVC were slightly lower in the lowest versus highest fitness quartiles and Year 20 FEV 1 and FVC were lower in the lower baseline fitness groups. All mean lung function values were notably in the normal range.
Participant characteristics across sexspecific quartiles of 20-year continuous change in cardiorespiratory fitness are shown in Table E2 . Among both men and women BMI was similar across quartiles of decline in fitness at Year 0; however, at Year 20 those with the greatest decline in fitness had higher BMI. Both peak FEV 1 and FVC were similar across all quartiles of fitness decline. Year 20 FEV 1 and FVC were lower with greater declines in fitness over 20 years. Characteristics across categorical fitness-change groups are documented in Table E3 .
Baseline Cardiorespiratory Fitness and Loss of Lung Health
Associations between baseline cardiorespiratory fitness and decline in lung function are shown in Table 2 . In an initial model adjusted for age, height, race-sex group, peak lung function, and years from peak lung function, baseline fitness was associated with less decline in lung function. Each additional minute of treadmill duration was associated with 1.00 ml/yr less decline in FEV 1 (P , 0.001) and 1.55 ml/yr less decline in FVC (P , 0.001). These relationships remained significant after adjustment for BMI, change in BMI from Year 0 to Year 20, and lifetime packyears cigarette smoking. When this analysis was repeated excluding participants who did not achieve 85% of their maximum heart rate during the baseline test, the results in model 1 remained significant, but in model 2 were no longer statistically significant (see Table E4 ).
To explore whether systemic inflammation in young adulthood mediates the association between baseline fitness and loss of lung health, we determined the indirect effects of Year 7 CRP and fibrinogen on the observed associations in the fully adjusted model. There were significant indirect effects of baseline fitness on FEV 1 decline through Year 7 CRP (indirect effect, 20.045; 95% CI, 20.091 to 20.016; 8% of the total effect) and fibrinogen (indirect effect, 20.045; 95% CI, 20.094 to 20.016; 8% of the total effect). Similarly, there were significant indirect effects of baseline fitness on FVC decline through Year 7 CRP (indirect effect, 20.046; 95% CI, 20.105 to 20.013; 7% of the total effect) and fibrinogen (indirect effect, 20.054; 95% CI, 20.114 to 20.018; 9% of the total effect).
Twenty-year Change in Cardiorespiratory Fitness and Loss of Lung Health
Associations between 20-year continuous change in fitness and decline in lung function are shown in Table 3 . Greater decline in fitness was associated with greater decline in both FEV 1 and FVC. In the initial model adjusted for age, race-sex group, height, center, baseline treadmill duration, peak lung function, and years from peak lung function to Year 20, each 1-minute decline in treadmill duration between baseline and 20 years was associated with 2.54 ml/yr greater decline in FEV 1 (P , 0.001) and 3.25 ml/yr greater decline in FVC (P , 0.001). Both findings remained significant after adjustment for BMI, change in BMI, and lifetime pack-years smoking. These findings were similar in a sensitivity analysis restricted to only participants who achieved 85% of the age-predicted maximum heart rate at both the baseline and Year 20 treadmill tests (see Table E5 ).
To determine whether systemic inflammation mediates the association between change in fitness and lung health, we determined the indirect effects of Year 20 CRP and fibrinogen on the observed associations. There were significant indirect effects of fitness change on FEV 1 decline through Year 20 CRP (indirect effect, 0.247; 95% CI, 0.131-0.434; 13% of the total effect) and fibrinogen (indirect effect, 0.078; 95% CI, 0.029-0.161; 4% of the total effect). Similarly, there were significant indirect effects of fitness change on FVC decline through Year 20 CRP (indirect effect, 0.238; 95% CI, 0.111-0.420; 11% of the total effect) and fibrinogen (indirect effect, 0.121; 95% CI, 0.050-0.234; 6% of the total effect).
Adjusted mean values of decline in lung function stratified by lifetime smoking intensity are shown in Figure 1 . The relationship between change in fitness and decline in lung health was significant in never smokers, 10 pack-year or less smokers, and more than 10 pack-year smokers alike.
Mean adjusted values for decline in lung function across the categorical fitnesschange groups are shown in Table 4 . Both sustained high and increased fitness were associated with less decline in the FEV 1 and FVC when compared with sustained low and decreased fitness. These findings remained similar when restricting the population to those achieving 85% of their age-predicted heart rate during both the baseline and Year 20 fitness tests (see Table E6 ).
Discussion
In the CARDIA study of young adults aged 18-30 years old at baseline, we found that participants who had the greatest ORIGINAL ARTICLE preservation of cardiorespiratory fitness over 20 years had the least decline in lung health. Even among cigarette smokers, who are at the highest risk for loss of lung function and future lung disease, preservation of fitness over 20 years was associated with less decline in lung function. Furthermore, participants achieving increased fitness over the same period had better preservation of lung health. This novel finding suggests that consideration should be given as to whether lung function decline in adult life may be modified through improvements in cardiorespiratory fitness. Strengths of our study include analysis of a large, biracial cohort of healthy young adults allowing for the study of lung health immediately following attainment of peak lung function. Repeated measures of both the symptom-limited exercise test and lung function allow for a longitudinal assessment of the relationship between fitness and lung health focused on a healthy population rather than prior reports of disease. Finally, the robust data collection in CARDIA allows us to adjust for the most likely confounders of the associations we report, including obesity and cigarette smoking.
One could argue that it is the decline in lung function that results in greater decline in fitness and not vice versa. Proving a causal association in either direction is not possible in this observational study, but we think this is unlikely. Even in participants in the highest quartile of decline in fitness, mean lung function at Year 20 was still in the normal range. In healthy people with normal lung function, like most participants in CARDIA, the respiratory system does not limit high-intensity endurance exercise (26, 27) . Furthermore, in our sensitivity analyses restricted to participants who achieved 85% of their age-predicted maximum heart rate, indicating that they were not limited in performance by respiratory abnormalities, all of the associations were preserved.
We define lung health in terms of decline in lung function from an estimated peak measurement in young adulthood, which may represent an oversimplification of the respiratory system. Although we report relatively small differences in lung function decline, when viewed through the lens of public health, strategies that mitigate age-related decline in lung function (something that is not typically viewed as modifiable) even in a small fashion could have a meaningful impact on the frequency of lung disease (4). We are limited by the fact that we only have measurements of fitness at two time-points separated by 20 years and fitness in an individual could vary over time, and we therefore cannot account for how more incremental variations in fitness impact lung health. In addition, a significant proportion of participants who attended the Year 20 examination did not perform a fitness test. This is unlikely to occur at random: those with the lowest levels of fitness might decline testing. A comparison of those who completed the fitness test with those who declined indicates that those who declined did indeed have the greatest decline in lung function. These missing data, therefore, would bias our results toward the null rather than introduce concerns regarding the validity of our results.
The association between cardiorespiratory fitness and long-term health outcomes, particularly in the realm of cardiovascular disease, has been well documented (28) . In a pooled analysis of 33 observational studies, mostly among older adults, better cardiorespiratory fitness was associated with lower risk of cardiovascular disease and all-cause mortality (6) . In CARDIA, higher levels of baseline fitness were associated with lower hazard of death and cardiovascular events (8, 29) . In addition, greater baseline fitness was associated with lower left ventricular mass and strain pointing to favorable effects of fitness on myocardial structure and function (29) . We have previously described an association between loss of lung health and increased left ventricular mass illustrating the links between cardiovascular and lung health (30) , but how fitness, particularly from early adulthood to middle age, intersects with lung health has not been well-evaluated. Based on this prior work, one notable aspect of our findings is that greater fitness in young adults may be associated with protection from a heart-lung phenotype of accelerated decline in lung function and increased left ventricular mass. This shared association between fitness and both lung function decline and cardiac structure and function magnifies the potential benefits of fitness on various aspects of long-term health. There are several possible mechanisms for why better or increased fitness is associated with better lung health including an overall improvement in conditioning of the respiratory muscles, a favorable change in chest wall mechanics among those who participate in regular exercise, changes in fat distribution not captured by BMI, favorable changes in lung or airway perfusion that result in improved pulmonary function, or a reduction in the overall systemic inflammatory state among those who are fit. Based on our prior work that documented an association between systemic inflammation and decline in lung health (31) and the fact that fitness is associated with less systemic inflammation (32, 33) , we explored the possible mediating ORIGINAL ARTICLE effects of systemic inflammation on the associations between fitness and lung health. We documented significant indirect effects of both CRP and fibrinogen in our analyses pointing to reduced systemic inflammation as one clearly plausible mechanism for the favorable associations between fitness and lung health. Reduced lung function is associated with adverse health consequences, lending credence to the concept of lung health being defined by preservation of lung function. Reduction in the FVC and FEV 1 even when small in magnitude such that both measures remain in the "normal" range, have documented associations with both cardiovascular disease and death (34) (35) (36) (37) (38) . In addition to the association between loss of lung health and high-output, hypertrophic cardiovascular phenotype described previously (30), we have also documented an association between decline in lung function from peak and incident hypertension in CARDIA (39) . Our present finding that cardiorespiratory fitness is associated with preservation of lung health and that less decline in fitness over 20 years is associated with less decline in lung function (even in high-intensity smokers), raises the possibility that lung health in adult life may be modifiable by achieving and/or sustaining higher levels of cardiorespiratory fitness. Given the many adverse outcomes associated with declining lung function this finding carries clear implications for health in general.
Conclusions
In a large study of generally healthy young adults, we found an association between baseline fitness and lung health from young adulthood to middle age. Furthermore, we demonstrate an association between sustained higher levels of fitness over 20 years and preservation of lung health. Evaluating fitness in young adulthood may provide prognostic information regarding lung health over time, and sustaining or increasing fitness throughout young adulthood may have the additional benefit of improving long-term respiratory health. n 
